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Abstract
We have analyzed the Cassini Ultraviolet Imaging Spectrometer (UVIS) observations of the Jupiter aurora with an auroral atmosphere
two-stream electron transport code. The observations of Jupiter by UVIS took place during the Cassini Campaign. The Cassini Campaign
included support spectral and imaging observations by the Hubble Space Telescope (HST) Space Telescope Imaging Spectrograph (STIS).
A major result for the UVIS observations was the identification of a large color variation between the far ultraviolet (FUV: 1100–1700 Å)
and extreme ultraviolet (EUV: 800–1100 Å) spectral regions. This change probably occurs because of a large variation in the ratio of the soft
electron flux (10–3000 eV) responsible for the EUV aurora to the hard electron flux (∼15–22 keV) responsible for the FUV aurora. On the
basis of this result a new color ratio for integrated intensities for EUV and FUV was defined (4πI1550–1620 Å/4πI1030–1150 Å) which varied
by approximately a factor of 6. The FUV color ratio (4πI1550–1620 Å/4πI1230–1300 Å) was more stable with a variation of less than 50%
for the observations studied. The medium resolution (0.9 Å FWHM, G140M grating) FUV observations (1295–1345 Å and 1495–1540 Å)
by STIS on 13 January 2001, on the other hand, were analyzed by a spectral modeling technique using a recently developed high-spectral
resolution model for the electron-excited H2 rotational lines. The STIS FUV data were analyzed with a model that considered the Lyman
band spectrum (B 1Σ+u → X 1Σ+g ) as composed of an allowed direct excitation component (X 1Σ+g → B 1Σ+u ) and an optically forbidden
component (X 1Σ+g → EF,GK,HH¯, . . . 1Σ+g followed by the cascade transition 1Σ+g → B 1Σ+u ). The medium-resolution spectral regions
for the Jupiter aurora were carefully chosen to emphasize the cascade component. The ratio of the two components is a direct measurement
of the mean secondary electron energy of the aurora. The mean secondary electron energy of the aurora varies between 50 and 200 eV for
the polar cap, limb and auroral oval observations. We examine a long time base of Galileo Ultraviolet Spectrometer color ratios from the
standard mission (1996–1998) and compare them to Cassini UVIS, HST, and International Ultraviolet Explorer (IUE) observations.
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Jupiter’s UV aurora has the strongest optical signature of
the electromagnetic interaction between the magnetosphere
and the ionosphere. After the Sun, the jovian aurora is the
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Jupiter’s aurora deposits far more energy into its upper at-
mosphere than occurs elsewhere in the Solar System. Its
ultimate power source is the rotational energy of Jupiter
and plasma processes in the near co-rotating middle mag-
netosphere. From the time of Voyager in 1979 (Broadfoot
et al., 1981) to the present observations by HST STIS and
Cassini UVIS in the new millennium (Dols et al., 2000;
Ajello et al., 1998, 2001), estimates of deposited power have
remained the same for two solar cycles at a level of ∼1013 W
(requiring an energy input of ∼10 erg/cm2/s). Moreover,
this enormous power input into the auroral zone presum-
ably controls thermosphere global dynamics (Emerich et
al., 1996) and atmospheric chemistry (Perry et al., 1999;
Wong et al., 2000). The high spatial resolution capability
(∼200 km) of STIS with the two-dimensional multi-anode
array MAMA detectors provides FUV images that resolve
the polar cap and main auroral oval (Gustin et al., 2002; Gro-
dent et al., 2003a, 2003b).
The modeling of the dynamical magnetosphere–iono-
sphere coupling causing the jovian aurora has been aptly
described by Hill (2001), Bunce and Cowley (2001), and
Cowley and Bunce (2001). These authors suggest that the
auroral oval indicates the presence of a global-scale Birke-
land current system that maps to ∼30 Rj. This current sys-
tem passes planetary angular momentum to the outward
moving plasma sheet maintaining the middle magnetosphere
in near co-rotation (Hill, 2001). In the region of upward
currents (downward electrons), field-aligned potentials ac-
celerate electrons to auroral energies (10–100 keV) (Mauk
et al., 2003).
The flyby of the Cassini spacecraft past the jovian plan-
etary system allowed a long observation period (approxi-
mately October 1, 2000 to March 22, 2001) dubbed the
Cassini Campaign (CC). The remote sensing instruments
taking part in the CC auroral observations were UVIS, STIS,
Far Ultraviolet Spectrometer Explorer (FUSE), Chandra and
Infrared Telescope Facility (IRTF). In this paper, along with
the companion paper by Pryor et al. (2005), we describe
the CC auroral observations by UVIS. Herein we model the
closest approach aurora spectra that were obtained in the pe-
riod from December 29, 2000 (DOY 364) to January 2, 2001
(DOY 2) with the spacecraft distance changing from 138 to
142 Rj. The UVIS instrument provided complete H2 Ry-
dberg band spectra coverage from 800 to 1700 Å at both
2.4 and 4.8 Å FWHM. The UVIS is the second Jupiter-
observing instrument to achieve this spectral resolution over
the full spectral range of Rydberg bands after the Hopkins
Ultraviolet Spectrograph (HUT), which measured a single
spectrum of the jovian aurora in November 1995 at 3.0 Å
FWHM. The UVIS data archive is much more extensive
consisting of tens of spectra of the aurora. The temporal
variations of the complete UV spectrum during the flyby are
particularly striking. The variation is interpreted in terms of
temporal variations of the ratio of the soft electron compo-
nent that excites the EUV (Ajello et al., 2001) to the hardelectron flux that excites the FUV (Ajello et al., 1998). Ad-
ditionally, we study spatially resolved medium resolution
spectra (0.9 Å FWHM with the G140M grating) from STIS
obtained during the CC on January 13, 2001. A recently
developed high-resolution code (Liu et al., 2002) for mod-
eling the intensity of the H2 rotational lines from the STIS
spectra allows a different approach to the modeling of the
Lyman band spectrum by providing very accurate computa-
tions of the separate contributions to the spectra from direct
excitation and cascading. The contribution of cascade to the
measured outgoing portion of the FUV spectrum is predom-
inantly excited by low-energy secondary electrons (Ajello et
al., 1998). The cascade cross-section from the EF, GK, and
HH¯ states of H2 is optically forbidden with a cross-section
that is sharply peaked at low electron energy (∼20 eV) (Liu
et al., 2003). STIS also acquired complete FUV spectra with
the G140L grating; one of these observations on December
28 occurred close in time to the December 29 closest ap-
proach UVIS measurement. The spectra from the two space-
craft are analyzed independently, since each spacecraft ob-
served different aurora.
2. The observations
The observations for the Jupiter aurora by UVIS during
the CC began in October 2000. There were approximately
100 h of viewing the aurora and about 100 observations of
various kinds (torus, satellite and Jupiter disk) by the time
the CC ended on March 22, 2001. Some Jupiter system ob-
servations of the disk had the slit-oriented parallel to the
jovian equator to simultaneously measure and spatially re-
solve the aurora and torus emissions during far encounter.
Later observations had the slit oriented perpendicular to the
jovian equator, an effective way to simultaneously observe
the north and south aurora on separate spatial pixels of the
imaging detector. To achieve observations that separately re-
solve the north and south auroral regions required a narrow
time window around closest approach of the Cassini flyby.
The UVIS could achieve a minimum of eight-pixel spatial
resolution of the Jupiter disk for the period of ±15 days
around closest approach. Closest approach occurred on De-
cember 30, 2000 with a disk diameter of 14 mrad.
The characteristics of the UVIS instrument have been dis-
cussed in detail in a recent paper (Esposito et al., 2004).
In brief, the instrument consists of separate telescopes for
the EUV (563–1182 Å) and FUV (1115–1913 Å) channels,
respectively, with an option of one of three separate en-
trance slits for each instrument: low resolution (75, 100 µm
[FUV, EUV] slit widths), high resolution (150, 200 µm
[FUV, EUV] slit widths) and occultation slit (800, 800 µm
[FUV, EUV] slit widths). Each configuration determines the
field-of-view (FOV) in the plane of dispersion. The UVIS
field-of-view is 1 mrad (206 arcsec) × 59 mrad for the EUV
high-resolution channel and 0.75 × 60 mrad for the FUV
high-resolution channel in the directions of the slit width
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Summary of the UVIS aurora observations






CML at start of
observation
Slit Pole
29 December 2000 02:20 33.3 138 285◦ W Low North
29 December 2000 02:20 33.3 138 285◦ W Low South
02 January 2001 06:03 277.3 142 290◦ W High South
Table 2













28 December 2000 07:15:22 630 G140L 52×0.5 590 1425 South
28 December 2000 07:31:22 630 G140L 52×0.5 590 1425 South
13 January 2001 16:58:07 480 G140M 52×0.5 56 1321 North
13 January 2001 17:13:50 480 G140M 52×0.5 56 1518 Northand height, respectively. The FOV widths double to 2.0 and
1.5 mrad, respectively, for the low-resolution measurements
of the EUV and FUV channels. The data discussed in this
paper are for the low and high-resolution slits for each of
the EUV and FUV channels. The detector is a Codacon
(CODed Anode array CONverter). The detector format is
1024×64 (spectral × spatial) pixel array with a pixel size of
25×100 µm. Thus in the high-resolution mode a monochro-
matic line will be imaged on 4 pixels FWHM in the EUV and
3 pixels FWHM in the FUV. The instrument slit function is
triangular with extended wings. The photocathode materials
are KBr for the EUV and CsI for the FUV. The peak sen-
sitivities occur at 900 Å for the EUV and 1300 Å for the
FUV. The instrument operates in the spectral mode by sum-
ming rows of the array detector and in the spatial mode by
summing columns of the array detector.
The Cassini observations to be discussed in this paper
occurred on December 29, 2000 (29Dec00) and January 2,
2001 (02Jan01). We summarize the geometry for these three
observations in Table 1. The observations, 29Dec00 and
02Jan01 were able to resolve the north and south aurora. The
three auroral observations listed in Table 1 were very strong
providing high S/N (signal/noise). The aurora for the north
auroral zone on 02Jan01 was very weak and is not listed.
The two HST STIS observations performed during the
CC are described spectra in Table 2. The primary data
set consists of STIS low-resolution spectra (λ = 12 Å
FWHM grating G140L, the wavelength band-pass from
1120 to 1736 Å) and medium-resolution spectra (λ =
0.9 Å FWHM, grating G140M, the wavelength band-pass
of close to 50 Å centered at 1321 and 1518 Å). The data
sets analyzed in this paper are the G140L observations from
28 December 2000 (28Dec00) and G140M observations of
13 January 2001 (13Jan01). The Jupiter auroral spectra at
low resolution with the G140L grating cover the entire FUV
(1150–1700 Å). The 50 Å wavelength spans for the G140M
spectral ranges were carefully chosen to include one short
wavelength range (1295–1345 Å), where the v′ = 0 vibra-
tional sequence member (0,4) of the cascade-driven Ly-man bands (B–X) is especially strong and lies near 1335 Å
(Dziczek et al., 2000; Liu et al., 2002). The optically forbid-
den excitation transition X 1Σ+g → EF, GK, HH¯, . . . 1Σ+g
from the ground state to the gerade Rydberg series is fol-
lowed by a cascade transition, EF, GK, HH¯, . . . 1Σ+g → B
1Σ
+
u . We refer to the collection of double minima gerade
states EF, GK, HH¯, . . . as EF. The nomenclature of gerade
(g) (even) and ungerade (u) (odd) is a center of symme-
try reflection property of electronic states of a homonuclear
molecule. The electric dipole selection rule behavior for
electronic transitions of homonuclear molecules, described
in Herzberg (1950), requires that g → u, e.g., the Lyman and
Werner band systems.
The longer wavelength range of HST STIS G140 M cov-
ers the range from 1495 to 1545 Å, where the methane
absorption is weak and acetylene absorption strong near
1520 Å. Cascade is also weaker in this spectral region (Liu
et al., 2002). The spectral image observations were separated
by 15 min with start times of 16:58 GMT for the short wave-
length spectrum and 17:13 GMT for the long wavelength
spectrum. The duration of each spectrum is 6 min. Since the
timescale of Jupiter auroral changes in the polar cap region
can be minutes (Pryor et al., 2001; Grodent et al., 2003a;
Gérard et al., 2003) and the CML (central median longitude)
was different in each case, it is not reasonable to think of
these spectra as simultaneous. The CMLs for the first spec-
trum were 223.4◦ and 228.3◦ at the start and at the end of the
exposure, respectively. For the second spectrum, the CMLs
were 232.9◦ and 237.8◦, respectively.
The entrance slit length and width determine the FOV,
which was 52 × 0.5 arcsec2 for the G140M observations in
the spectral mode. In parallel with the spectral observations
in the TIMETAG mode, there were near-simultaneous im-
ages from STIS to provide the morphology of the Jupiter
auroral zone (aurora oval, polar cap, Io foot). A previous set
of STIS data from the Jupiter aurora in 1999 was obtained
with the G140M grating (Gustin et al., 2002). We show in
Fig. 1A a STIS image of the northern aurora during the CC
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Fig. 1. (A) A Jupiter STIS image taken at 16:50 UT on 13Jan01 showing the
3 auroral zones of polar cap, auroral oval and limb with the 52×0.5 arcsec2
slit projected on the image. The image was taken with a SrF2 filter and
the FUV MAMA detector. The MAMA detector has a FOV of 25′′ × 25′′
with an angular resolution of 0.024′′/pixel. (B) The geometry of the UVIS
observation for 29Dec00 showing the low-resolution FUV spectrometer slit
projected on to the Jupiter disk. The rows numbered 0–60 represent the
spatial pixels of the Codacon detector (1024 × 64). The spacecraft was 138
Rj from the planet.
taken 8 min before the G140M spectra. The black line is the
approximate image location of the slit at 16:58 UT.
3. The Cassini auroral analysis
The Cassini analysis can be divided into two subsections.
The data reduction of the raw data packets to produce cal-ibrated spectra of the aurora requires proper subtraction of
the background. The background subtraction takes place in
several steps to be described in the next subsection. The au-
roral science analysis with the two-stream electron transport
code coupled to the spectral code will be described in the
subsequent subsection.
3.1. Data reduction
In the analysis we concentrate on Jupiter auroral obser-
vations acquired at closest approach. These observations oc-
curred on 29Dec00 and 02Jan01. The geometry for the low-
resolution FUV slit for the 29Dec00 observation is shown in
Fig. 1B and can be compared to the higher resolution HST
STIS FOV from Earth-orbit on 13Jan01 shown in Fig. 1A.
The locations of the 64 spatial pixels of the Codacon detec-
tor are also indicated. The boresights for the EUV and FUV
slits are offset by 1 mrad in azimuth (plane of dispersion).
The small angular pointing difference is averaged over the
data records during the long durations of the observations,
generally 1/2 h or more. There is a 50% (0%) overlap in
the fields of view of the low-resolution slits (high-resolution
slits). At a spacecraft-Jupiter distance of 138 Rj the obser-
vation points of the EUV and FUV on the planet differ by
10,000 km. The planet must rotate 8◦ (∼13 min) to allow the
second channel to achieve the same boresight pointing direc-
tion to the aurora as the first channel. The geometry plot in
Fig. 1B is shown at roughly the center point of the 29Dec00
observation sequence. The UVIS maintained constant bore-
sight pointing at a fixed right ascension and declination as
the planet rotated beneath the boresight. In both UVIS obser-
vations the EUV and FUV detector spatial pixels numbered
from 26 to 40 were on the planet with the smaller number as-
sociated with the south pole. Prangé et al. (1998) have shown
that in the absence of auroral storms or localized bright spots
that the longitudinal characteristics of the Jupiter aurora are
smoothly varying with medium scale brightness variations
extending over 5◦–20◦ in longitude. An extended time pe-
riod study of the aurora for seven days during the CC from
the HST observations listed in Table 2 by Grodent et al.
(2003b) has shown that the main oval is stable for periods of
tens of minutes to hours. We examine auroral data from one
row (or two rows, if the aurora is on the edge of two pixels)
of the UVIS spatial pixel(s) for each pole. The signal from
these one or two rows may contain a contribution from the
polar cap aurora. In this paper, for the purposes of analysis of
the extended time durations (30 min or more) of the aurora
we assume the two-channel boresights are co-aligned.
The observational data is acquired as an image on the
detector. The data is read out in individual records that
are equally spaced in time; and the records are summed to
present a unified observational spectrum of high S/N obser-
vation. Each record can have a duration of approximately
1–30 min. The record length for the 29Dec00 observation
is 1000 s with a total of two records of auroral data. The
3D (dimensional) detector image of the slit in both spatial
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Fig. 2. (A) A three-dimensional surface plot of the EUV channel signal in counts plotted vs wavelength and spatial pixel. The EUV spectral-spatial image of
the jovian system clearly demarks an active UV auroral oval in both the northern and the southern polar regions for 02:20 29Dec00 observation of 33.3 min.
(B) The total number of EUV channel counts in each spatial pixel summed over all spectral channels for the 29Dec00. The peaks in rows 26 and 40 correspond
to the locations of the south and north auroral oval, respectively as shown in Fig. 1B.and wavelength pixels for 29Dec00 is shown in Fig. 2A. The
figure indicates strong aurora in both the north and south
from spatial pixels associated with the poles. The presence
of the aurora is indicated by the strong H2 Rydberg bands
from 850 to 1200 Å, lying upon one or two spatial rows.
The auroras are found on either side of the low latitude day-
glow. The dayglow is observed since the solar phase angle,
which is listed in Fig. 1B, is less than 90◦ for the auroral se-
quence. A similar 3D plot can be made for the 02Jan01 data
except that the recorded data showed only one strong aurora
in the south. The next step is to carefully identify and sepa-
rate the pixels containing the aurora as opposed to the weak
dayglow. The specific rows of pixels that contain the aurora
are obtained by summing the 3D data over wavelength (all
columns) and is shown in Fig. 2B for 29Dec00. We find the
aurora in one or two rows for each of the two auroral zoneson 29Dec00. The northern aurora is on spatial pixel(s) (40
for the EUV and 38, 39 for the FUV) and the southern au-
rora is on spatial pixel 26 for the EUV and 24, 25 for the
FUV. Similarly for the south on 02Jan01 the southern au-
rora lies on rows 7 and 8 and a weak northern aurora in rows
20 and 21 for both the EUV and FUV. To this pixel num-
ber for 02Jan01 must be added the windowing offset of 20
rows, since only 24 rows (numbered 20–43) were readout
for transmission to the ground for the 02Jan01 data. Thus,
the southern aurora was observed on spatial pixels 26 and
27 (referenced to a first spatial pixel of number 0). The lo-
cations of the aurora as determined from the FUV channel
for both sets of observations were the same as for the EUV
channel.
We will describe in detail the continuing data analy-
sis preparation of the 02Jan01 southern aurora, since the
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is to arrange the data in the spectral mode for the south
aurora rows (7, 8) and for the north aurora (20, 21). The day-
glow in rows (9–19) will be described in a separate paper.
The auroral oval has been observed at high spatial resolu-
tion by the Galileo Solid State Imaging Subsystem (SSI).
The SSI showed that the oval width varies between 200 and
1000 km (Ingersoll et al., 1998; Vasavada et al., 1999). The
UVIS FOV of a pixel projects to a width of about 104 km
(compared to 200 km for HST STIS) at a distance of 142 Rj
from the planet for this distant flyby. For the 02Jan01 obser-
vation it is likely the north and south aurora were observed
near the edge of a pixel and spanned two pixels. A fill-factor
(Ajello et al., 1998) of 0.1 is arbitrarily assumed through-
out this paper for the closest approach aurora observations
and corresponds to an auroral main oval width of 1000 km.
The Cassini UVIS does not have sufficient spatial resolu-
tion to study the structure of the auroral oval by itself and
may include some contribution from the polar cap. With
the added uncertainty of polar cap auroral contributions to
the signal (Grodent et al., 2003a, 2003b) the absolute auro-
ral brightness and energy input calculations deduced in the
modeling are approximate. The period of observation of the
02Jan01 aurora was extensive. The summed signal in counts
is a co-addition of individual spectra for nearly half a jovian
rotation period (Table 1). The 29Dec00 auroral data archive
was reduced by the same method and its composite integra-
tion time is 33.3 min. The 02Jan01 data were obtained in
177 consecutive records of 94 s each for a total duration of
277.3 min. The measured and unreduced signal consists of
composite contributions from the aurora and foreground UV
emissions from the interplanetary Lyman-α as well as in-
strumental and spacecraft Radioisotope Thermal Generator
(RTG) background signals.
The next step is to remove these spurious signals and to
produce a raw auroral spectrum prior to calibration. We need
to subtract from the total signal foreground signal the con-
tributions from the torus emissions, background noise from
random detector noise and RTG background, foreground
scattered signal from interplanetary H Ly-α plus the disk
H Ly-α, producing internally scattered light by the grating.
There is an additional source of internally scattered light
from a pinhole light leakage (which the UVIS Team refers to
as the mesa from its spectral signature) in the EUV channel.
First, we can estimate the constant background from RTG
plus detector noise background from noise signal data on
the first few pixels of the auroral spectrum since the wave-
lengths near 562 Å do not include any wavelength dependent
background effects.
We describe the three main wavelength dependent back-
ground contributions to the total signal. The torus fore-
ground, the internally scattered light from interplanetary H
Ly-α/disk backgrounds and the mesa are wavelength depen-
dent backgrounds. The torus signal present as a contamina-
tion in all auroral spectra is very strong at OII, III 833 Å and
allows us to normalize the auroral + torus signal to a puretorus signal acquired nearby in time for torus signal subtrac-
tion. The torus background was acquired independently on
5Dec00 and was normalized to the 02Jan01 torus emission
of the OII, III feature at 833 Å.
The mesa spectrum of scattered light from light leakage
of stellar sources and Jupiter is present on all spectral rows.
We employ spectral rows 0–3 (see Fig. 2A) which are view-
ing into space as the basis for subtraction of the mesa signal
contribution to the auroral spectrum.
The one remaining wavelength dependent background
signal for the wavelengths above 1150 Å arises from internal
instrument scattering from H Ly-α. Its effect on the auroral
data is accounted for by normalizing to the interplanetary H
Ly-α signal in the EUV channels as measured during cruise.
The spectral range of the 1024 channels of the EUV channel
stops at 1182 Å and does not include H Ly-α. The contri-
bution of the H Ly-α blue wing to the EUV signal is small
below 1170 Å. The contribution of the interplanetary H Ly-α
to the raw spectrum is estimated to be less than 7% at 1150 Å
based on comparison to an H2 model in the 1100–1200 Å
range. The Jupiter auroral raw spectrum is formed from the
subtraction of all noise sources discussed above. The cali-
brated spectrum of the EUV channel is shown in Fig. 3A.
We must combine the EUV spectrum with the FUV spec-
trum. We perform a similar data reduction process for the
FUV observation of 02Jan01. The raw FUV spectrum shows
the effect of the Rayleigh scattered solar reflectance by
Jupiter longward of 1700 Å during the daylight observation.
Three-point smoothing is needed to partially eliminate the
fixed pattern pixel–pixel noise from the FUV channel Coda-
con. The calibrated spectrum of the FUV channel is shown
in Fig. 3B. The FUV spectrum is dominated by the Lyman
bands, Werner bands and Lyman-α attenuated by overlying
hydrocarbons.
The wavelength overlap by the EUV with the FUV is
small. The FUV spectral range extends from 1115 to 1913 Å.
Fig. 3A shows that the EUV spectrum extends from 563 to
1182 Å. However, the sensitivity of the FUV channel is not
reliable below 1150 Å, based upon the sharp cutoff charac-
teristics of the transmission curve of the MgF2 window. Thus
the region of the calibrated EUV spectrum above 1150 Å is
particularly important in properly overlapping the EUV and
FUV spectra. The overlap region will be discussed in detail
later.
3.2. The analysis
The analysis made use of the two-stream electron trans-
port code that includes thermal transport to determine the
thermal balance and altitude variation of Jupiter’s auroral
atmosphere (Grodent et al., 2001). Recent improvements
to the best-estimate of the functional form of the incident
primary electron flux (Grodent et al., 2001) include a mix-
ture of three energy distributions: (1) a high-energy com-
ponent 15 keV (diffuse aurora) to 22 keV (discrete aurora)
determined by the measured FUV color ratio (Yung et al.,
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Fig. 3. (A) A calibrated (kR/Å) EUV southern auroral spectrum for 02Jan01. (B) The calibrated (kR/Å) FUV spectrum for the southern aurora on 02Jan01.
The data was smoothed by a 3-channel box-car smoothing function. Each channel is 0.8 Å wide.1982) (the high-energy component heats the homosphere),
(2) a soft electron component near 3 keV for heating the
thermosphere, and (3) a weak 100 eV component for heating
the upper thermosphere and controlling the exobase temper-
ature.
We use the same approach to modeling the UVIS cali-
brated and merged spectra as Ajello et al. (2001) has pre-
scribed for the analysis of Galileo and HUT spectra. The new
two-stream model employed here more accurately describes
the low-energy primary electron flux distribution functionfrom 10 to 3000 eV (Grodent et al., 2001) and is based on the
known thermal constraints of the auroral atmosphere. Our
model is a synthesis of the following: (1) the spectral line
H2 Rydberg code for electron impact described by Ajello et
al. (1984, 1998) and Shemansky and Ajello (1983), (2) the
two-stream electron energy degradation transport code de-
rived by Grodent et al. (2001), and (3) the one-dimensional
heat conduction equation which includes the heating of the
atmosphere by the auroral electron precipitation (Grodent et
al., 2001).
334 J.M. Ajello et al. / Icarus 178 (2005) 327–345Fig. 4. The Cassini composite spectrum in units of kR/Å for the southern aurora of 02Jan01 fitted in linear regression analysis with: (1) a discrete aurora
electron flux (Grodent et al., 2001) incident upon an auroral atmosphere with an altitude dependent secondary electron distribution and atmospheric distribution
from a two-stream code, and (2) a H Ly-α line. The EUV (0.6 Å per channel) and FUV (0.8 Å per channel) data are smoothed by a 5-channel box-car smooth
prior to merging. The model (2.4 Å FWHM with 0.6 Å channels) is smoothed by a 5-channel box-car smooth.The atmosphere is divided into 200 layers of vertical
depth 10–20 km from 0 to 4000 km (Ajello et al., 2001).
The emission emerging at the top of the atmosphere from
every layer is added to the running sum from all previous
layers until the top of the atmosphere is obtained. Model
line spectra are generated for molecular hydrogen for the
thermodynamic conditions at each layer. For each layer a
model line spectrum is produced from each differential elec-
tron flux element in the secondary electron spectrum from
the threshold for the Lyman bands at 11 eV to very high elec-
tron impact energy (∼500 keV). These 70 energy-dependent
spectra are summed to give the emission from each layer.
Self-absorption and hydrocarbon absorption from the actual
heated auroral atmosphere determine the attenuation in the
UV spectrum from each layer. The emerging line spectrum
is convolved with the instrument function (Esposito et al.,
2004). The model is compared with the spectral observa-
tions to determine for the 29Dec00 and 02Jan01 observa-
tions the energy input, Q0, to the aurora. The EUV chan-
nel alone can not determine E0, the characteristic energy
of the auroral flux. The EUV spectrum is produced high in
the auroral atmosphere above the main deposition peak. The
spectral distribution is sensitive to the overlying H2 column
by self-absorption processes. The FUV spectrum has little
absorption from methane above wavelengths of 1400 Å or
self-absorption from H2 above wavelengths of 1200 Å. The
long wavelengths of the FUV channel have a preponderance
of signal from deep in the homosphere (200–300 km above
the 1 bar level). The FUV color ratio determines E0 (Dols et
al., 2000).We compare the data and model using a regression analy-
sis best-fit approach. The regression model, based on our
knowledge of the source of the aurora emission, is com-
posed of two vectors—one vector is composed of the H2
Rydberg bands and the second vector is the H Ly-α line. We
show in Fig. 4 the best-fit regression model to the 02Jan01
south observation. The model no longer needs the ad hoc
20 eV laboratory spectrum as was used in the analysis of
the Galileo and HUT observations (Ajello et al., 2001). The
Grodent et al. model already includes the very low-energy
primary electrons (∼100 eV). The brightness of the Ryd-
berg bands (without the H Ly-α line) emerging from the
atmosphere is 496 kR as measured by the Cassini UVIS as-
suming a fill factor of 0.1 and the cosine of the emission
angle is 0.3 (emission angle of 72.5◦). The energy input
into the atmosphere required to maintain this intensity is
74 erg/cm2/s. There is approximately a 10% efficiency of
conversion of auroral primary electron energy input to the
UV emission in the Rydberg bands (Waite et al., 1983).
We show in Figs. 5A and 5B the best-fit regression
models to the 29Dec00 north observation. The bright-
ness of the Rydberg bands (without the H Ly-α line) is
550 kR as measured by the Cassini UVIS. The energy in-
put into the atmosphere required to maintain this intensity is
96 erg/cm2/s.
The main discrepancy between the model and data oc-
curs in the neighborhood of the strong EF bands. The recent
modern spectral model of the EF bands developed by Liu
et al. (2002) to be used in the next section has not yet been
incorporated into the two-stream spectral model used here.
Cassini and HST UV observations of the Jupiter aurora 335Fig. 5. (A) The Cassini EUV wavelength region of the UV spectrum in units of kR/Å for the southern aurora of 29Dec00 fitted in linear regression analysis
with: (1) a discrete aurora electron flux (Grodent et al., 2001) incident upon an auroral atmosphere with an altitude dependent secondary electron distribution
and atmospheric distribution from a two-stream code, and (2) a H Ly-α line. The EUV (0.6 Å per channel) and FUV (0.8 Å per channel) data are smoothed
by a 5-channel box-car smooth prior to merging. The model (2.4 Å FWHM with 0.6 Å channels) is smoothed by a 5-channel box-car smooth. (B) The Cassini
FUV portion of the UV spectrum in units of kR/Å for the southern aurora of 29Dec00 fitted in linear regression analysis.There is strong evidence of absorption by vibrationally ex-
cited H2 at 1050 Å (v′′ = 1) and 1100 Å (v′′ = 2) as there
was for the HUT observations. The vibrationally excited H2
in the ground state is produced by excitation of the lowest
vibrational levels by low-energy electron impact from sec-
ondary electrons and by excitation of all vibrational levels
by emission from the Rydberg states (Waite et al., 1983).
Wolven and Feldman (1998) have noted the strong effects
of self-absorption near 1054 and 1100 Å from the weak
measured intensities of the C–X(0,1) and C–X(0,2) Werner
band rotational lines, respectively. The optically thin model
employed here predicts too much intensity in the neighbor-
hood of 1054 and 1100 Å for the 29Dec00 spectra. The
synthetic spectral model does not include self-absorption by
vibrationally excited molecules (only v′′ = 0 is included).
The long wavelength re-emission in the v′′ > 0 fluorescence
bands is a small effect on the relative intensities. Labora-
tory spectra of electron-excited H2 for wavelengths above
1100 Å, where the strong fluorescence from the Lyman and
Werner band systems with v′′ > 0 occurs (see band identi-
fication Table 1 in Ajello et al., 1984), does not show any
change in the relative intensities with H2 gas pressure to
column densities of 1015 cm−2 (see laboratory spectrum in
Gustin et al., 2004). Optical depth effects in v′′ = 0 become
important at 1012 cm−2 (Jonin et al., 2000). The model also
does not include a vector due to the weak Ly-β line near
1025 Å. The model fits of the 02Jan01 and 29Dec00 data
sets are very similar in the FUV, since they have nearly
identical FUV color ratios. However, there are discrepancies
between the two data sets in the EUV. For the 29Dec00 auro-
ral spectrum the strongest peak intensity in the EUV occurs
at 1174 Å (B(9,4) and B(12,5) vibrational bands), whilefor the 02Jan01 auroral spectrum the strongest peak inten-
sity is found at 1117 Å C(1,3) with no indication of self-
absorption from vibrationally excited H2 at 1025 Å C(1,1),
1054 Å C(0,1), and 1100 Å C(0,2). The absence of strong
self-absorption in the rovibronic lines of the C(v′,1) and
C(v′,2) progression may indicate either cooler temperatures
(vibrational and gas) of H2 in the thermosphere (29Dec00 vs
02Jan01) or a stronger soft electron component for 02Jan01.
This latter conclusion seems to be the case as the discussion
below will demonstrate.
The 29Dec00 EUV and FUV low resolution spectra were
carefully merged at the wavelength minimum of 1168 Å
based on the model. We make use of the two-stream spec-
tral model compared to the EUV and FUV spectra. We show
in Fig. 6 the over-plot of the two data sets. It is evident that
the FUV portion of the spectrum shown as a dashed line fits
the model down to a wavelength of nearly 1165 Å. On the
other hand, the EUV portion of the spectrum fits the model
up to a wavelength of 1170 Å. For convenience we join the
two spectra at 1168 Å at a minimum point in each spectrum.
The large discrepancy between the EUV and FUV spectral
data curves near 1145 Å occurs from the rapid loss of sensi-
tivity of the FUV channel near its short wavelength limit by
the decline in transmission of the MgF2 window.
We show in Fig. 7 a comparison of three auroras (the
two UVIS observations on 29Dec00 and 02Jan01 (except for
29Dec00 north) and the HUT 1995 observation). The spec-
tral structure contrasting the EUV and FUV spectral regions
is dramatically stronger than the normal FUV color ratio. We
define a new color ratio, (4πI 1550–1620 Å/4πI 1030–1150 Å),
contrasting the long wavelength FUV region (1550–1620 Å)
as in the normal color ratio with the EUV region defined
336 J.M. Ajello et al. / Icarus 178 (2005) 327–345Fig. 6. The merging of the EUV (solid) and FUV (dash) auroral spectra of
29Dec00 near 1170 Å by comparison to the auroral model (dot).
from 1030 to 1150 Å. The FUV color ratio for the four
observations varies from 2.2 to 2.7. A larger FUV color ra-
tio indicates a higher primary electron characteristic energy.
The EUV color ratio varies between 1.5 and 4.4; the ratio is
a measure of the ratio of the hard to soft electron flux mag-
nitudes. The 29Dec00 north observation that is not shown in
Fig. 7, has an EUV color ratio of 2.0 and an FUV color ra-
tio of 2.0. A low EUV color ratio is indicative of a large fluxof soft electrons or a small flux of hard electrons or both.
On a relative basis the 02Jan01 southern aurora data had
a larger source of soft electrons or/and a smaller source of
hard electrons then the 29Dec00 southern aurora data three
days earlier. The EUV portion of the 02Jan01 spectrum is the
most optically thin against H2 self-absorption of the three
cases shown.
4. HST observations
We will focus on two sets of observations obtained by
HST during the CC. There was a low-resolution G140L ob-
servation on December 28, 1999 (28Dec00) of the south
polar region, and a medium-resolution G140M observation
on January 13, 2000 (13Jan01) of the north aurora. The first
observation coincided closely with the closest approach of
Cassini on December 30, 2000. The 13Jan01 image was
shown earlier in Fig. 1 and corresponded to the only oppor-
tunity to get a medium-resolution spectrum of the Jupiter
aurora during the CC.
4.1. Medium-resolution STIS observations
As obtained in 1999 (Gustin et al., 2002) and again during
the CC, STIS obtained spatially resolved spectra of the po-Fig. 7. Auroral observations by Cassini and HUT compared by color ratios: the standard FUV color ratio (4πI 1550–1620 Å/4πI 1230–1300 Å) and the EUV
color ratio (4πI 1550–1620 Å/4πI 1030–1150 Å). The observations are: (A) 02 January 2001 (south), (B) 29 December 2000 (south), and (C) HUT 09 March
1995 (north).
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aperture was chosen for both sets of observations. It mea-
sures 52 × 0.5 arcsec2 with the G140M grating correspond-
ing to a spectral resolution of ∼0.9 Å. Two spectra were
obtained with the wavelength band-pass of 50 Å centered at
1321 and 1518 Å. The first wavelength band was set to span
the wavelengths of the strongest (B 1Σ+u → X 1Σ+g ) cas-
cade bands arising by the rovibronic (rotational–vibrational–
electronic) transitions of EF, GK, HH¯, . . . 1Σ+g → B 1Σ+u .
The resolution is sufficient to separate the effects of direct
excitation and cascading contributions to individual rota-
tional lines. The excitation function for each process has
a different energy dependence and from the modeled ratio
we can estimate the contributions of each process to the
aurora thereby establishing the mean secondary electron en-
ergy present in the aurora.
The pumping of the low-lying vibrational levels of the B
state by the many rovibronic cascade transitions produced
by the Rydberg series of gerade states fashions an entirely
different UV spectrum than the direct excitation spectrum
(Dziczek et al., 2000). We show the two types of transitions
that populate the B state in Fig. 8. The strongest cascade
bands lie near 1335 Å and arise from the v′ = 0 progres-
sion. The difference in the internuclear separation for the B
1Σ
+
u state, the upper state of the Lyman bands and the first
minimum of the EF 1Σ+g state, the upper state of the EF–B
cascade bands accounts for the difference in the strongest
v′ progression. These vibrational levels are v′ = 7 for di-
rect excitation to the B state and v′ = 0 for cascade to the
B state. The strongest member of the progression is the
B(0,4) band with rotational lines lying between 1330 and
1335 Å. The second region (near 1518 Å) for the STIS ob-
servation is populated mainly by direct excitation. It is also
a region that has negligible methane absorption. We show
the data and the model fits to the two spectral regions in
Figs. 9A and 9B. Fig. 9A shows the short wavelength re-
gion with the regression model fit individual vectors. Fig. 9B
shows the regression model fit in the long wavelength region.
The best-fit rotational temperature occurs at 450 K. Spec-
tral models were generated for 300, 450, 600, and 900 K
enabling us to minimize the regression model on the basis
of temperature. The STIS spectrum in Fig. 9A shows the
strongest rotational lines in the spectrum occur at 1334.0 Å
(R0,R1), 1335.8 Å (P1,R2), and 1342.1 Å (P2) the B(0,4)
vibrational band. These rotational lines have roughly equal
contributions from direct excitation and cascade. Fig. 9A
plots the three independent spectral vectors that are used
to complete the regression model of the data. These vec-
tors are the EF cascade spectrum, the B direct spectrum,
and the atomic O spectrum from the resonance features at
1302.2, 1304.9, and 1306.0 Å. The atomic features arise be-
cause of the Earth’s airglow detection at the altitude of the
HST orbit. The inexact model fit below 1320 Å may be also
due to the presence of atomic and molecular nitrogen emis-
sion telluric features in the spectrum (Ajello et al., 1989;Fig. 8. A partial energy level diagram of H2 showing: (1) the two main
Rydberg series (gerade and ungerade), the cascade transitions from the EF
1Σ
+
g gerade series to B 1Σ
+
u and (3) the life-times of the various vibra-
tional transitions to indicate allowed and forbidden nature of the transitions
(adopted from Dziczek et al., 2000). The cascade bands are observed in the
visible and infrared.
Ajello and Shemansky, 1985, and references therein) from
the Earth dayglow, unaccounted for in the model. For ex-
ample there are atomic nitrogen lines at 1311, 1313, 1315,
1316, and 1320 Å. The model used to derive the spec-
trum consists of a slab emission layer of H2 with overlying
methane absorption. The most important part of the STIS
spectrum for estimating cascade effects lies between 1320
and 1345 Å.
The cascade model includes the full set of cascade spectra
to the B 1Σ+u , C 1Πu, B′ 1Σ
+
u , and D 1Πu ungerade states
from the EF 1Σ+g Rydberg series of gerade states. Most of
the cascade (>95%) undergoes transitions to the vibrational
levels of the B-state (Dziczek et al., 2000). The direct excita-
tion EUV and FUV synthetic line spectrum model of the H2
molecule has also been previously derived (Liu et al., 1995;
Jonin et al., 2000). The regression model returns fitting co-
efficients with the contribution of each of these two indepen-
dent spectra. The coefficients give the best fit contributions
of these two spectra to model the data over the spectral range
of 1295–1345 Å. Based on the short wavelength range stud-
338 J.M. Ajello et al. / Icarus 178 (2005) 327–345Fig. 9. (A) The HST STIS G140M relative photon intensity short wavelength spectrum (1295–1345 Å) for the north aurora of 13Jan01 starting at 16:58:07
with a 480-s integration fitted in linear regression. The linear regression analysis with independent vectors of: (1) a direct excitation optically thin spectrum of
the Rydberg bands of H2 by a monoenergetic electron distribution at 100 eV, (2) a cascade excitation optically thin spectrum of the Rydberg bands of H2 by a
monoenergetic electron distribution at 100 eV and (3) an atomic oxygen multiplet at 1304 Å. The regression model to the observational data is based upon a
linear regression analysis with these three independent vectors and transmission through a slab of CH4. (B) The HST STIS G140M relative (photon) intensity
for the medium wavelength spectrum (1495–1545 Å) for the north aurora of 13Jan01 starting at 17:13:50 with a 480-s integration fitted in linear regression.
The STIS data is smoothed with a 7-point box-car smooth; the data point step-size is 50 mÅ.ied, it is possible to estimate the total contributions from
direct excitation and cascading. We find that 11% of the total
Lyman band emission arises from cascading and 89% from
direct excitation. To our knowledge this is the first estimate
of the cascade contribution to the Lyman band Jupiter au-
rora. Thus the EF, GK, and HH¯ total cascade cross-section is
the third strongest excitation process of emission by the H2
Rydberg series of ungerade states. The two most important
emission cross-sections are the Lyman (B–X) and Werner
(C–X) band cross-sections from direct excitation (Jonin et
al., 2000). Most of the cascade emission occurs in the FUV.
The fourth strongest band system emission cross-section isthe B′–X band system with an emission cross-section of 8%
of the B–X direct excitation cross-section. This band system
lies in the EUV (850–1150 Å).
The energy dependencies of the cascade cross-section
and direct excitation for the Lyman bands are different.
Direct excitation is dipole-allowed with the high-energy
Born behavior and a peak cross-section energy of 50 eV
(Liu et al., 1998). The cascade cross-section is optically
forbidden and has been described (Dziczek et al., 2000;
Liu et al., 2003). In Dziczek et al. (2000) we find that the
cascade cross-section falls by a factor of 3.4 between 20 and
100 eV with a peak cross-section between 15 and 20 eV.
Cassini and HST UV observations of the Jupiter aurora 339Fig. 10. (A) A plot of the Lyman band direct and excitation cross-sections from (Liu et al., 1998; Dziczek et al., 2000, and Liu et al., 2003). (B) A plot of the
ratio (EF/B) of the cross-sections from (A).We plot in Fig. 10 the cross-sections (top) and the ratio of
the cross-sections (EF/B) for these two processes (bottom).
The ratio of the integrated intensities in Fig. 10A from each
process is equal to the ratio of the cross-sections at the mean
secondary electron energy. The measured ratio in Fig. 10A
is 12% corresponding to a mean secondary electron energy
of 175 eV. We have re-analyzed the 1999 STIS G140M au-
rora, polar cap, and limb data (Gustin et al., 2002) in the
same way and find that the EF contribution for these obser-
vations varies between 10 and 20% (EF/B ratio 0.11–0.25)
corresponding to a mean secondary electron energy of 50–
200 eV.
The long wavelength region of the STIS spectrum shown
in Fig. 9B gives an excellent indication of the C2H2 col-
umn density from its strong absorption band near 1520 Å.
The model does not account for all of the absorption away
from 1520 Å. We estimate the column density of C2H2 to
be 2 × 1015 cm−2. This column density compares favorably
with column densities of C2H2 estimated in Ajello et al.
(1998). The other distinct regions of the aurora, the polar
cap and limb, observed on 13Jan01 will be discussed in a
forthcoming paper (Gustin, private communication).
4.2. The December 28, 2000 HST STIS observation
The image/spectrum pair lying closest in time to the
Cassini closest approach occurred on 28Dec00 at 07:15 UT.
We show the linear regression fit to the data in Fig. 11. The
model in Fig. 11 is based on the Grodent two-stream elec-
tron distribution (Grodent et al., 2001) and the H2 modelingcode as described in Ajello et al. (2001). The modeling result
shows that the energy input to the aurora is approximately
10 erg/cm2/s with a characteristic energy in the primary
electron distribution of 22 keV (44 keV mean energy). The
measured integrated intensity (1150–1700 Å) is 49 kR for
the measured FUV spectrum.
5. Discussion
The Cassini UVIS obtained a large set of instrument per-
formance and science observations during the Jupiter flyby
in preparation for the Saturn encounter in 2004. Of funda-
mental interest is the fact that the auroral observations at
Jupiter indicate the EUV wavelength range (800–1100 Å)
are very sensitive to variations in the soft electron flux
(ε ∼ 100–3000 eV). The variation in the soft electron flux
of primary electrons incident on the jovian atmosphere can
be described by an EUV color ratio. The EUV color ratio is
found to vary by nearly a factor of three for observations that
do not contain contributions from the dayglow. This varia-
tion may indicate a sharp change in the ratio of the fluxes
of the hard to soft electrons. Grodent et al. (2001) show that
there are three electron energy deposition peak altitudes in
the atmosphere corresponding to the three magnitudes of
characteristic energies in the model: weak (100 eV), soft
(3 keV), and hard (22 keV for a discrete aurora). The alti-
tudes of the peak emission layers are 250, 600, and 1500 km
approximately (see Fig. 6 of Grodent et al., 2001). The alti-
tude evolution of the auroral energy distribution from 1 eV
340 J.M. Ajello et al. / Icarus 178 (2005) 327–345Fig. 11. The HST G140L FUV spectrum in units of kR/Å for the south aurora of 28 December 2000 (start time = 07:15:22, 630 s integration) fitted in linear
regression analysis with: (1) a discrete aurora electron flux (Grodent et al., 2001) incident upon an auroral atmosphere with an altitude-dependent secondary
electron distribution and atmospheric distribution from a two-stream electron transport code, and (2) a H Ly-α line.to 1 MeV is shown in Fig. 2 of Grodent et al. (2001). The
weak and soft electron peaks are found above the homopause
where no CH4 absorption occurs (Ajello et al., 1998). Occa-
sionally, the Galileo UVS observed aurora with no CH4 ab-
sorption, indicating no hard electron energy component. The
EUV emission observed by a spacecraft is produced, pre-
dominantly, from a region just above the homopause (400–
1000 km) as shown in Fig. 7b of Ajello et al. (2001). The
EUV color ratio is more sensitive to the soft component,
3000 eV than the weak component, 100 eV, whose emission
peak lies near the exobase. The electron energy distribution
model fits to the UVIS EUV spectral data may not be unique.
Other electron distribution functions of the weak and soft
electron components may provide excellent fits to the data
(cf. models of the HUT observation by Ajello et al., 2001
and Gustin et al., 2004).
We have modeled UVIS spectra taken at closest ap-
proach, 29Dec00 and 02Jan01. The spectra were modeled
with a two-stream electron transport code found in Grodent
et al. (2001). Grodent et al. (2001) have chosen an auroral
emission model, which is generated by the influx of a pri-
mary electron flux consisting of three components with char-
acteristic energies E0: 100 eV, 3 keV, and 15 keV (diffuse)
and 22 keV (discrete). We have modeled the data shown
in the model-data comparisons considered with the discrete
case. Both models are capable of fitting most of the obser-
vations with no additional soft electron flux requirements,
since they are already included in the initial Grodent et al.
electron distribution function model. The high-energy com-
ponent is a kappa distribution for the diffuse aurora case and
the two low-energy components are combined as a double
Maxwellian. We have also shown that a 25 keV Maxwellian
with a kappa distribution of kappa index 2.1 and characteris-tic energy 15 keV will be stopped very near 250 km (Ajello
et al., 2001; Vasavada et al., 1999). The results indicate that
the electron distribution chosen by Grodent et al. (2001) is
an excellent model capable of reproducing the auroral emis-
sions measured by Cassini UVIS on 02Jan01 in the south,
the 29Dec00 in the north, and the 28Dec00 STIS observation
in the south. However, the Grodent et al. primary electron
distribution is not able to model the 29Dec00 southern au-
rora data shown in Fig. 7B. The FUV color ratio of 2.69
requires a higher characteristic electron energy (30–50 keV)
similar to the HUT observation of Fig. 7C.
An important question arises as to whether the aurora
spectral characteristics change on a timescale of tens of
minutes as the planet rotates beneath the Cassini UVIS bore-
sight. We ask this question since the 02Jan01 observation
had a duration of 4.5 h (nearly half a rotation); and the ob-
servation has been analyzed on the basis of the average spec-
trum shown in Fig. 4. We have broken the observation into
six separate observations of 31.3 min (20 spectral records
of 94 s per record). Each observation group, is referred to
by an observation number from 0 to 5. Each observation
is separated by 47 min. The planet rotated a total of 166◦
during the entire observation with about 18◦ per individual
spectrum. The relative spectral characteristics of the EUV
channel and FUV channel varied strongly over this period.
We show a plot of the EUV and FUV relative intensities in
Fig. 12A and a plot of the EUV and FUV color ratios in
Fig. 12B as a function of observation number. The variation
of integrated intensities in the FUV was a factor of eight and
in the EUV a factor of three. The peak-integrated signal for
each channel occurred at a different observation group num-
ber. The peak in EUV signal occurred during observation
period 4 from time 141 min to 172 min, whereas the peak
Cassini and HST UV observations of the Jupiter aurora 341Fig. 12. (A) The relative peak intensities (exclusive of H Ly-α) of the EUV and FUV channels for the six observation time intervals of 02 Jan01. The 02Jan01
observation of 4.62 h is subdivided into six equal time interval of 47 min, each with an integration time of 31.3 min. The start times relative to the beginning
of the observation in minutes from 06:03 UT are 0, 47, 94, 141, 188, and 225 min from the start of the observation. The abscissa is labeled observation
number according to the start time with observation 0 referring to the start time of 0 min. The integrated intensities for the EUV were measured from 1030
to 1150 Å. The integrated intensities for the FUV were measured from 1500 to 1700 Å. (B) The EUV and FUV color ratios for observations 0–4. The S/N
for observation 5 was insufficient to get a statistically significant EUV color ratio. The plot also shows the optically thin EUV and FUV color ratios from a
laboratory experiment. The experiment was conducted at 100 eV electron impact energy with the same spectral resolution of 2.4 Å as the Cassini UVIS (see
Jonin et al., 2000). The color ratio for integrated intensities for EUV was defined (4πI 1550–1620 Å/4πI 1030–1150 Å). The color ratio for integrated intensities
for FUV was defined (4πI 1550–1620 Å/4πI 1230–1300 Å).FUV signal occurred during observation period 2 from 47
to 78 min. The FUV color ratio was nearly constant varying
from 2.00 to 2.16 for the first 188 min. The last observa-
tion period with a minimal of counts had a color ratio that
was slightly more. The variation in the EUV color ratio is
very striking as it varied a factor of 6 for the observations
0–4. The last point, observation 5, for the EUV color ratio
plot is uncertain and is not shown. For comparison to a lab-
oratory benchmark color ratio we conducted a low pressure
optically thin laboratory experiment (see references in Liu
et al., 2002) with the Cassini spectral resolution of 2.4 Å
FWHM and at 100 eV electron impact energy, a value near
the mean secondary electron energy found earlier. We find
that the optically thin color ratios are 0.55 for the EUV
and 1.0 for the FUV. The FUV color ratio measured during
the CC always shows the effects of methane absorption and
never approaches the laboratory value. On the other hand
the Galileo ultraviolet spectrometer observations measured
color ratios with no apparent methane absorption (Ajello et
al., 1998). However, the EUV color ratio can swing from
nearly optically thin to optically thick (weak intensity of soft
electrons as in observation 1, Fig. 12B) as the aurora rotates
beneath the UVIS boresight.The meaning of the extreme variations for the EUV color
ratio for this period are found by comparing the full UV
spectrum for observations 1 and 3 in Figs. 13A and 13B,
respectively. The observation 3 model requires a contribu-
tion from an additional source of soft electrons, by an energy
flux amount that exceeds the relative soft electron flux in the
Grodent et al. (2001) electron distribution model. The ra-
tios of high-energy (∼22 keV) to low-energy electron energy
flux (∼3000 eV) and weak electron flux (∼100 eV) are fixed
at 2 and 40, respectively, in the Grodent et al. (2001) model.
One way this low-energy contribution can be made available
would be to include an optically thin laboratory spectrum,
20–3000 eV in the synthetic model code. We arbitrarily in-
clude a 20 eV laboratory spectrum as an added vector in the
regression analysis in Fig. 13.
Observation 1 indicates a deep aurora with self-absorp-
tion within the v′′ = 1 and 2, v′ progressions. Note the in-
ability of our model, which does not include self-absorption
for v′ > 0 to fit the observation 1 data for wavelengths
at 1054 and 1100 Å. The peak signal in observation 1
is 1174 Å, indicating a deep aurora without significant
contribution from low-energy electrons. The peak sig-
nal in observation 3 is 1117 Å showing a strong con-
342 J.M. Ajello et al. / Icarus 178 (2005) 327–345Fig. 13. (A) Observation 1 from 02Jan01 showing the combined EUV + FUV spectrum that started at 47 min after the observation start time in Table 1. The
plot is a sum of 20 records of 94 s each. The numbering of records is given as the x-axis in Figs. 12A and 12B. (B) Observation 3 from 02Jan01 showing the
combined EUV + FUV spectrum that started at 141 min after the observation start time in Table 1. The plot is a sum of 20 records of 94 s each. We include a
model regression of observations 1 and 3 which are fitted in a linear regression analysis with: (1) a discrete aurora electron flux (Grodent et al., 2001) incident
upon an auroral atmosphere with an altitude-dependent secondary electron distribution and atmospheric distribution from a two-stream code, (2) a nearly
optically thin H2 Rydberg band laboratory spectrum excited by a 20 eV monoenergetic electrons, and (3) a H Ly-α line. We show the regression model fit to
the observations with the 20-eV component as discussed in the text.tribution from a low-energy electron aurora in the ther-
mosphere.
It appears that the main variation in the EUV color ratio
as defined in this paper is a very sensitive indicator of auro-
ral variations of the electron energy flux. The change occurs
from strong variations in the flux level of both the low- and
high-energy primary fluxes. Although both EUV and FUV
integrated intensities vary, the FUV intensity has the greater
variations as shown in Fig. 12A.
A more extended observation period of FUV observations
occurred during the Galileo Mission. We show in Fig. 14 the
FUV color ratios for the prime Galileo Mission 1996–1998.There were 38 observations in the north and 28 observations
in the south with sufficient S/N for the color ratio study. The
record numbers are given. We can show from the Galileo
predawn observations of the main oval during the two years
of observations that the color ratio of the north oval shown
in Fig. 14 is highly stable (Ajello et al., 1998). The color
ratio of the FUV spectrum measured by the Galileo UVS
was nearly constant over the entire mission at a value of
1.5 ± 0.5 for the predawn auroral oval. We have parame-
terized this color ratio with the methane column density.
A column density of 0–3 × 1016 cm−2 for methane will re-
produce all the FUV color ratios (values between 1 and 2)
Cassini and HST UV observations of the Jupiter aurora 343Fig. 14. A comparison of the color ratios for the north and south Galileo UVS FUV observations over the two-year prime mission (1996–1998). The record
numbers are a measure of the time from orbits Ganymede 1 (DOY172-1996) through Europa 11 (DOY 309-1997). There were 3–5 observations every orbit.in the north. The dispersion of the color ratio measurement
is much larger in the south (1–5) corresponding to column
densities of 0–10 × 1016 cm2; though most color ratio cal-
culations for the south tend to approach the lower values,
similar to the north color ratios. We can compare IUE, STIS
and Galileo color ratios and intensities. The Galileo color
ratio results for the north are different from the IUE color
ratios for the north (Livengood et al., 1990). Livengood et
al. show in their Fig. 1 a large color ratio variation of 1–6
for the north auroral polar region. The IUE observations oc-
cur near local noon, whereas the Galileo observations were
at local dawn. Local dawn is where HST spectra have oc-
casionally shown large color ratio variations. The Galileo
data was predawn and the measured spectra were acquired
over many hours (Ajello et al., 1998). Recently, Gérard et
al. (2002) confirmed the IUE results with their analysis of
the STIS observations obtained over the period 1997–2001.
Gérard et al. found a main oval variation of 1.4–10.4, also at
local noon. The mean value of the FUV color ratio for IUE
is 2.5 averaged over many years of observations (Harris et
al., 1996). The three observations of Cassini shown in Fig. 7
have values very close to the IUE average. They occurred
in the late afternoon local time. There is more than the dif-
ference of mean color ratios that distinguishes Galileo and
IUE. IUE shows a dependence of color ratio on system III
CML, whereas Galileo UVS has measured a color ratio that
is independent of system III. The Galileo results seem toindicate that the average FUV color ratio in the north is con-
stant in both space (system III longitude) and time for the
predawn to morning terminator region. The average northern
aurora observation by Galileo can be modeled by assuming
a 25 keV Maxwellian with kappa distribution with a charac-
teristic energy of 15 keV for the high-energy component of
the primary electron flux (Ajello et al., 2001). Both the IUE
and Galileo (not shown) spacecraft agree that there is a de-
pendence of intensity on system III longitude. The Galileo
data shows a peak intensity in the north near 180◦ longitude
and a peak intensity in the south between 0◦ and 100◦ longi-
tude. Based on the indicated color variation with system III
we can surmise that there may be a fundamental difference
in the aurora primary electron flux between predawn and af-
ternoon. Certainly the morphology of the aurora is different
for these two periods. The predawn and morning termina-
tor region is sharply defined by a bright arc with occasional
dawn storms. The afternoon region is found to be more dif-
fuse and less intense and a wider spread in latitude than
the morning side region (Gérard et al., 2003; Clarke, 1998;
Vasavada et al., 1999). The primary flux may vary with local
time with a more temporally stable and lower characteristic
energy in the predawn region.
Dols et al. (2000) studied eight G140L spectra from HST
Goddard High Resolution Spectrograph (GHRS), near local
noon, and found that the spectra from the oval had color ra-
tios in the 1.9–2.7 region. Dols et al. also found that the high
344 J.M. Ajello et al. / Icarus 178 (2005) 327–345spatial resolution observations of the polar cap aurora show
a much larger variation of 1.9–5.5. Gérard et al. (2002) have
complemented the polar study with a larger data set and find
a large range of variation with values up to 6.7. Galileo and
Cassini average over tens of degrees in longitude, since the
observation time may be 30 min or more for a color ratio
determination ratio, compared to HST observation times of
only a few minutes. The stability of the FUV aurora at local
dawn should make this temporal difference unimportant for
Galileo. Cassini UVIS has shown that the afternoon sector
FUV color ratios were stable for the 4.5 h 02Jan01 observa-
tion.
A recent study of the CC with HST STIS using both
SrF2 and clear filter FUV imaging of the polar cap aurora
finds that the polar cap contributes 30% of the auroral sig-
nal (Grodent et al., 2003a). While the auroral oval remains
steady the polar cap shows a transient behavior of short
bursts lasting ∼100 s. These short-term changes should not
affect the long time averages presented here.
The G140M STIS aurora spectra reveal rovibronic struc-
ture that is dependent on gas temperature. Analysis of the
fine structure of the STIS G140M FUV spectral observa-
tions can be greatly simplified if the Lyman system cascade
and direct synthetic spectra are considered as two separate
processes. The principal advantage is that the synthetic spec-
tra from all Rydberg states (gerade and ungerade) become
independent of energy (except near the threshold region
∼10–20 eV). The resulting spectrum from an admixture of
EF (cascade) and B (direct) is still energy dependent because
of the cross-section shape function differences. With this
specialized analysis of the Lyman bands and using the re-
cently measured cascade and direct excitation cross-sections
we were able to show that the mean secondary electron en-
ergy producing the UV aurora is in the range 50–200 eV.
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